Background and objectives Diffuse C4d staining in peritubular capillaries (PTCs) during an acute rejection episode (ARE) is the footprint of antibody-mediated rejection. In current clinical practice, diffuse C4dϩ staining during acute rejection is regarded as an inferior prognostic sign. This case-control study investigated the prognostic role of mere C4d staining for graft outcome during an ARE in a well defined cohort of similarly ARE-treated patients.
Introduction
In renal transplantation, long-term graft survival strongly depends on events occurring early (i.e., within 1 year) after transplantation. A major event is the occurrence of an acute rejection episode (ARE), which is a main risk factor for the development of graft loss over time (1) (2) (3) . An ARE can be mediated by cellular-and antibody-mediated reactions. In antibody-mediated rejection (AMR), donor-specific antibodies (DSAs) can bind complement factors and initiate the classical pathway of complement activation. During the activation cascade, C4d, a complement split product, is formed. C4d has the capacity to covalently bind to target molecules on the endothelium of peritubular capillaries (PTCs) and is therefore regarded as a footprint of AMR (4) . Sensitivity (95%) and specificity (96%) of diffuse C4d staining in PTCs for the presence of DSAs is high (5) . Other studies have found a strong relation between diffuse C4d staining of PTCs and the presence of DSAs (6 -8).
Acute AMR is associated with nonresponsiveness to standard rejection therapy of steroids (i.e., steroid resistance) and has a detrimental effect on graft outcome (8 -12) . The outcome of AMR significantly improves when promptly treated with aggressive immunosuppressive regimens (13) (14) (15) (16) (17) . The combination of circulating DSAs, histomorphological features of AMR, and diffuse C4d deposition is currently the gold standard in the diagnosis of AMR (16) . Previous studies found unfavorable graft outcome for C4dϩ stained biopsies (7,18 -20) . This might suggest that sole C4d deposition could be used as prognostic marker and also guide more aggressive therapy.
In 1993, Feucht et al. were the first to describe C4d staining in renal transplant biopsies (21) . In 93 renal allografts showing dysfunction after transplantation, an incidence of 46.2% diffuse C4d and 8.6% focal C4d staining was found. C4d staining significantly correlated to 1-year graft survivals of 57%, 63%, and 90% in diffuse, focal, and negative staining, respectively. Subsequent studies showed an unfavorable graft out-come in diffuse C4dϩ stained biopsies taken on clinical indication (6 -8,18 -22) . However, these studies have five major drawbacks. First, most studies included biopsies with a broad range of histologic diagnoses, causing heterogeneity. Second, follow-up time (average 5 years) was relatively short in most studies. Third, in some studies rejection therapy differed between C4dϩ and C4dϪ patients. Fourth, some studies used other criteria to determine C4d positivity than the Banff criteria. Fifth, some studies included more than one biopsy per patient and used the biopsy that stained most positive for C4d as the index biopsy.
The prognostic value for graft survival of untreated C4dϩ AREs has not been investigated in a cohort of patients with AREs who were not differently treated for this. We questioned whether C4dϩ AREs show a difference in long-term renal function compared with C4dϪ AREs when treated according to the same therapy regimen.
Materials and Methods

Patients
We reviewed all 723 patients who received a renal transplant in our center from 1995 until 2006, of which 498 (68.9%) never had a rejection episode. One hundred and twenty-eight patients who had a clinically suspect and histologically proven first ARE within 6 months after transplantation (17.7% of all single renal transplant patients) were included in this study. A total of 104 frozen and 118 paraffin-embedded renal biopsies were available, with an overlap of 94 patients. Maintenance and rejection therapy were analyzed.
All patients received calcineurin inhibitor (CNI)-based maintenance immunosuppression (Neoral: cyclosporine [CsA] microemulsion [86%]; or Prograft: tacrolimus [Tac] [14%]) and corticosteroids (P) with or without mycophenolate mofetil (MMF; 62.5%). Since 2000, all patients received prophylactic therapy with an IL-2 receptor antagonist (basiliximab), and one patient received induction with anti-thymocyte globulin (ATG). Of the 128 patients with biopsy-proven acute rejection, 30% received prophylactic antibody therapy.
AREs were treated with high-dose methylprednisolone (1 g intravenously for 3 consecutive days). If serum creatinine (SCr) did not return to baseline within a 20% range, a 10-day course of ATG at a dose 5 mg/kg was given. Steroid resistance was defined as the use of ATG therapy. Biopsies were taken before steroid therapy was started. Patients who had undergone a pancreas-kidney or other combined organ transplantation were excluded from this study. All patients had a negative complement-dependent cytotoxicity crossmatch before transplantation.
Clinical Data
Donor and recipient age and sex, donor source, number of rejection episodes and re-transplantation, percentage panel reactive antibodies (PRAs) present before transplantation, time between transplantation and the occurrence of the ARE, HLA mismatches, delayed graft function, patient and graft survival, quantitative proteinuria, and steroid resistance were analyzed. Graft failure was defined as return to dialysis. Graft failure was censored for patient death.
SCr was used as a surrogate marker for renal function over time. During patient follow-up, SCr was measured at regular check-up times and on additional clinical indications. SCr at 1 year after transplantation was taken as baseline. We used time until patients reached a SCr value of 150% and 200% of their SCr at 1 year as an indicator of renal function follow-up. In a Kaplan-Meier survival analysis, time to these events was compared between the C4dϩ and C4dϪ group.
Histology
For routine diagnostic evaluation, paraffin-embedded sections were cut and stained with silver methamine, hematoxylin and eosin, and periodic acid-Schiff. Two independent pathologists (I.B. and N.G.) blindly scored biopsies for morphologic features by light microscopy using the Banff classification (16) .
C4d Staining
Staining protocols have been described previously (23) (24) (25) . Immunofluorescent staining was performed on 4-m frozen sections with monoclonal mouse anti-human C4d antibody (Quidel, San Diego, CA). Immunohistochemical staining was performed on 4-m paraffin sections with polyclonal rabbit anti-human C4d antibody (Biomedica Gruppe, Wien, Austria). Two independent and blinded observers (IF: M.E. and K.K.; IHC: I.B. and M.vG) semiquantitatively scored all sections. C4d staining in PTCs was evaluated according to the area percentage of positive staining in the renal cortex as described in the Banff '07 criteria (16) . Three C4d staining groups were made: negative (Ͻ10% of PTCs), focal (10% to 50% of PTCs), and diffuse positive (Ͼ50% of PTCs) staining. Necrotic and fibrotic areas (if present) were excluded from evaluation.
Statistical Analyses
SPSS version 16.0 was used to perform statistical analyses. For continuous variables, means with standard errors were calculated and differences were assessed by independent sample t tests. For categorical data, crosstabs were made and differences were calculated by Fisher exact test. Univariate analyses using a logistic regression model were performed, and a multivariate analysis was performed using a logistic regression model. Survival analyses were performed using Kaplan-Meier survival curves and logrank tests to test for differences between C4d groups. The significance threshold was set at P Ͻ 0.05.
Results
Patient Characteristics
Of the 128 patients included in this study, 77% received a donor kidney from a deceased donor and 23% received a kidney from a living donor. Mean follow-up time was 7.3 years (Ϯ3.9).
Immunosuppressive maintenance therapy was comparable for all patients in the cohort, consisting mostly of a CNI (CyA or Tac) in combination with low-dose P alone or P with IL-2 receptor or MMF.
Prevalence of C4d Positivity
We investigated C4d staining patterns by IF (frozen sections) and IHC (paraffin-embedded sections) staining techniques in the same cohort and related these with clinical outcome. Thirteen of the 104 (12.5%) sections stained by IF and 5 of the 118 (4.2%) sections stained by IHC showed diffuse C4dϩ staining (Table 1) . Focal C4dϩ staining was seen in six (5.8%) and two (1.7%) of the patients, respectively.
Four patients showed diffuse C4dϩ staining with both techniques (Table 2) . Overall, these patients were not remarkably different compared with the whole cohort in age, maintenance therapy, donor age and sex, PRAs, delayed graft function, HLA mismatches, rejection episodes, timing of rejection, steroid resistance, or vascular rejection. One of these patients lost graft function 10 days after transplantation and transplantectomy was performed. The explanted organ showed severe diffuse vascular rejection with necrosis and graft ischemia. The other three patients maintained stable graft function and their grafts survived during the follow-up period (range 1.86 to 6.43 years).
As depicted in Table 2 , one biopsy was diffusely C4dϩ stained by IHC, but no IF staining was performed because of a lack of frozen material. Seven diffusely C4dϩ biopsies with IF staining were negative using IHC. No paraffin material was available for IHC staining of two diffusely C4dϩ biopsies using IF. Of the six focal C4dϩ cases using IF, only one was focal C4dϩ using IHC; all others were negative. All biopsies negative for C4d staining by IF were also negative in the IHC staining.
Statistical analyses were performed on IF-and IHCstained cases. No differences were found in the IHCstained cases. The results hereafter are only those analyzed using the IF staining. Diffuse C4d staining was called "C4dϩ" and focal and negative C4d staining were combined as one group, called "C4dϪ." Others categorized C4d staining in the same way (5).
C4d and Banff Histology
C4d staining (IF) only related to the absence of tubular atrophy (8.3% versus 50.6%; P ϭ 0.006) and not to any of the other individual components of the Banff score (Table 3) . After IF and IHC C4d staining and blind scoring of biopsies, the biopsies of 14 patients showing diffuse C4dϩ were subsequently reassessed (I.B.) to investigate histomorphological characteristics (e.g., granulocytic infiltrate, microthrombi, peritubular capillaritis [ Table 3 ], or necrotizing vascular rejection) indicative of a possible AMR (4). None of those biopsies showed characteristics indicative of an antibody-mediated component.
C4d and Baseline Clinical Characteristics
Baseline clinical characteristics are shown in Table 4 . In a multivariate analysis, C4d was only related to donor age and not to any other clinical parameter (Table 4) . Univariate analyses for clinical characteristics were also performed separately for living and deceased donors (data not shown). Results concerning differences in graft outcome between C4dϩ and C4dϪ groups were similar in living and deceased donor recipients (younger donor age in the C4dϩ group in the living kidney donors [38 Ϯ 8 years versus 51 Ϯ 12 years; P ϭ 0.049]).
Twelve of the 13 C4dϩ patients were primarily treated with high-dose P; one patient primarily received ATG. Eight patients subsequently received ATG because of nonresponsiveness to steroids. These numbers were similar in the C4dϪ group.
C4d and Clinical Outcome
Incidence of steroid resistance was comparable between the C4dϩ and the C4dϪ group (54%, and 47%, respectively; P ϭ 0.770). Patient survival was similar between the two C4d staining categories (data not shown). One-year graft survival was 92% for the C4dϩ group and 97% for the C4dϪ group, whereas 5-and 10-year graft survivals were 92% and 74% for the C4dϩ group and 92% and 82% for the C4dϪ group, respectively (P Ͼ 0.05; Figure 1A) . Results concerning differences between the C4dϩ and C4dϪ group were similar between living and deceased donors.
No difference was found between the C4dϩ and C4dϪ group for renal function over time, as measured by the time when SCr reached 150% or 200% of its value at 1 year after transplantation. Both showed a similar curve in the Kaplan-Meier analysis for time and the percentage of events of reaching 150% and 200% SCr values (P ϭ 0.981 [ Figure 1B] and P ϭ 0.482, respectively). No differences were found in development of proteinuria (g/24 h) between the C4dϩ and C4dϪ group. Data presented as n (%). 
Discussion
The occurrence of an early ARE is a risk factor for loss of renal allograft function over time. In this study, C4d staining patterns in a group of similarly treated patients during their first ARE were investigated. We compared C4d staining patterns in biopsies of patients with a histologically proven first ARE within 6 months after transplantation. Patients in this retrospective cohort were all treated for their ARE according to the same protocol, firstly with high-dose steroids and in the case of steroid resistance with ATG. Biopsy sections were stained by two techniques: IF on frozen and IHC on paraffin-embedded tissue sections. Diffuse C4dϩ staining was seen in 12.5% of IF-and in 4.2% of IHC-stained sections. We found no clinical or histologic risk profile related to C4dϩ staining. In addition, we found no difference in occurrence of steroid resistance or graft survival for patients who in retrospect showed a C4dϩ or a C4dϪ ARE. We conclude that the C4d staining pattern during an early ARE does not predict renal allograft function or survival over time.
Since the introduction of diffuse C4d staining as a marker for antibody-mediated activity in the renal transplant biopsy, several studies concluded that C4d staining of biopsies with allograft dysfunction could be used as an adequate predictive marker for graft outcome (6 -8,18,20 -22,26) However, previous studies had several drawbacks, as described in the Introduction section, which could explain the discrepancies between those studies and our study.
The consistent histologic findings of an ARE and the consistent treatment of that episode makes our patient group unique. Graft survival in our cohort of patients was excellent (overall 10-year graft survival: 77.9% Ϯ 4.7%). Our C4dϩ ARE biopsies are most likely not indicative for AMR, but perhaps of a more subclinical type. The presence of C4d in biopsies might reflect some antibody being present in a T cell predominant acute rejection, rather than it being an AMR. Aside from tubular atrophy, no concurring histopathological parameters could be found. It is not known why there are significantly more biopsies showing tubular atrophy in the C4dϪ group. It is possible that the association of C4dϪ staining with tubular atrophy may reflect the younger age of donors in the C4dϩ group. More research in a new patient cohort is required to elucidate this finding. Furthermore, none of the clinical characteristics related to AMR (e.g., recipient being female and/or young, high PRAs, number of successive transplantations, and number of HLA mismatches) were significantly more abundant in the C4dϩ group. It is possible that our C4dϩ ARE biopsies are of a more subclinical type, which might be due to better HLA matching and adequate DSA screening techniques before transplantation and our donor allocation protocol. We therefore strongly recommend adequate screening of patients pretransplantation and exclusion of any unacceptable mismatches.
Nickeleit et al. found no difference in outcome between C4dϩ and C4dϪ AREs (27) . However, in this study, C4dϩ patients were treated more aggressively and the paper concluded that additionally treated C4dϩ AREs may hold the same prognosis as C4dϪ AREs. In the study presented here, we show that patients with a C4dϩ ARE who did not receive additional acute rejection treatment have the same graft outcome as a C4dϪ ARE. This could be because C4d deposition may indicate a state of graft accommodation that does not lead to graft failure (28) . The question remains how C4d as a marker for graft accommodation can be discriminated from C4d deposition due to ongoing AMR. Furthermore, we explicitly studied whether the presence of diffuse C4dϩ staining during an ARE was associated with graft survival if not additionally treated. It is not known whether C4dϩ patients (or a subgroup of C4dϩ patients) would have improved graft function if they would have been more aggressively treated. We therefore do not state that additional therapy in C4dϩ ARE patients is not indicated, but we encourage further investigation on this subject.
The incidence of C4d staining in our cohort seems to be rather low compared with earlier studies. In various studies a range of 10% to 55% diffuse C4dϩ staining is seen using either staining technique (5-8,18 -21,26,27,29) . Different explanations for this can be given. Inclusion criteria in this study were tightly controlled because we required all patients to have a histologically proven ARE, whereas other studies show heterogeneity with regards to biopsy inclusion criteria, resulting in a broad histomorphological spectrum. Also, the time point at which the biopsies were C4d ϩ diffuse positive-stained slides versus C4dϪ focal positive-or negative-stained slides. All characteristics were split in presence (score 1 to 3) and absence (0), except for glomerulitis, tubulitis, interstitial infiltrate, and peritubular capillaritis, where we dichotomized for mild (0, 1) and severe (2, 3) . Fisher exact test was used to calculate significances of differences between groups. Values are expressed as mean and number (%). taken differed between studies. There could be differences in C4dϩ incidence between centers, as has also been suggested by Mengel et al. (30) In a study with protocol biopsies stained for C4d, they reported that C4d incidence was related to the center the biopsy was obtained from. This could be due to differences in laboratory techniques, transplantation procedures, or therapy regimens between centers.
Until now, few studies compared C4d staining techniques with IF and IHC. The C4d staining protocol used to be applied on frozen sections by IF using a monoclonal antibody (21) . Recently, an IHC method for paraffin-embedded sections has been developed using a polyclonal antibody against C4d. Seemayer et al. investigated both staining techniques on inter-and intraobserver variation and found a favorable result for IF-stained frozen sections ( ϭ 0.9 [IF] versus ϭ 0.3 [IHC]) (31) . However, in that study, C4d staining by both staining techniques was not investigated in relation to graft outcome over time. Also, in the most recent Banff criteria it was noted that C4d staining by IF showed more positivity and is possibly more sensitive, but both C4d staining techniques show strong relations with DSAs and it is still unclear which staining technique is to be preferred (14) . We are the first to investigate C4d staining patterns by both staining techniques in the same cohort and relate it with clinical outcome. We found less C4d positivity in IHC-stained sections compared with IF sections and found no relation to outcome.
There are several drawbacks to our study. First, this was a single-center study; therefore, the results might be difficult to extrapolate to other studies. Furthermore, although this is a relatively large patient cohort, few C4dϩ ARE patients were found. In addition, because of the retrospective nature of the study, presence of DSAs at the time of biopsy was not measured. However, earlier studies repeatedly showed that C4d staining was strongly related to DSAs (5, 8) .
In conclusion, clinicians might feel the urge to more aggressively treat patients with C4d positivity during a histologically proven ARE. However, this retrospective study shows that C4d staining is not related to clinical outcome in this large cohort of first histologically proven early (Ͻ6 months) rejection episodes of patients who were not additionally treated.
